Abstract. Polar mesosphere summer echoes (PMSEs) have been well studied using vertical incidence VHF radars at northern high-latitudes. In this paper, two PMSE events detected with the oblique incidence SuperDARN HF radars at Hankasalmi, Finland (62.3 • N) and Syowa Station, Antarctica (69.0 • S), are analyzed, together with simultaneous VHF and medium-frequency (MF) radar data. Altitude resolutions of the HF radars in the mesosphere and the lower thermosphere are too poor to know exact PMSE altitudes. However, a comparison of Doppler velocity from the HF radar and neutral wind velocity from the MF radar shows that PMSEs at the HF band appeared at altitudes within 80-90 km, which are consistent with those from previous vertical incidence HF-VHF radar results. The HF-VHF PMSE occurrences exhibit a semidiurnal behavior, as observed by other researchers. It is found that in one event, PMSEs occurred when westward semidiurnal winds with large amplitude at 85-88 km altitudes attained a maximum. When the HF-VHF PMSEs were observed at distances beyond 180 km from MF radar sites, the MF radars detected no appreciable signatures of echo enhancement.
Introduction
Polar mesosphere summer echoes (PMSEs), which appear at high-latitudes under very low temperature near the mesopause in summer, have been well investigated using VHF-UHF radars at northern high-latitudes (see reviews by Cho and Kelley, 1993; Cho and Röttger, 1997) . Recently, HF radars (Karashtin et al., 1997; Kelley et al., 2002 ) and a digiCorrespondence to: T. Ogawa (ogawa@stelab.nagoya-u.ac.jp) tal ionosonde (dynasonde) collocated with the EISCAT VHF radar (Lee et al., 2001; Liu et al., 2002) have also been used for PMSE observations. PMSE occurrences at VHF band are known to show a semidiurnal behavior, that is two maxima around noon and midnight (e.g. Palmer et al., 1996; Hoffmann et al., 1999) . This fact suggests that physical and chemical processes affected by neutral wind (in particular, semidiurnal component) play a role in producing low temperature near the mesopause necessary for the formation of heavy water cluster ions, etc., resulting in PMSEs (e.g. Berger and von Zahn, 2002; Singer et al., 2003) . The relationship between VHF PMSEs and neutral winds has been discussed by many researchers (Hoffmann et al., 1999 and references therein; Singer et al., 2003) . Numerical modeling (Forbes, 1982; Aso, 1993) and observations (Singer et al., 2003) indicate that atmospheric tides accompany a temperature variation of less than a few K near the mesopause.
The existence of PMSEs at medium-frequency (MF) is still controversial. Some researchers report simultaneous PMSEs at VHF and MF (Röttger, 1994; Bremer et al., 1996; Liu et al., 2002) and phenomena that may be signatures of PMSEs (Murphy and Vincent, 2000) , while others report no PMSE-related echo enhancements (Hoppe et al., 1990; Jones and Davis, 1998) .
All the HF and VHF radars mentioned above have vertical incidence beams because PMSEs are believed to be strongest for a vertical beam with very high aspect sensitivity; that is, scattering is much higher in the vertical direction than from off-vertical (Czechowsky et al., 1988) . Using the Syowa Station SuperDARN HF radars (69.0 • S) equipped with multibeams that have low elevation angles of about 30 • (Greenwald et al., 1995) , Ogawa et al. (2002; see also 2003b) have found, for the first time, Antarctic PMSEs at the HF band. Then, Ogawa et al. (2003a) have reported simultaneous PMSE observations from a SuperDARN radar in Finland and an MST radar in Sweden. These studies suggest that the aspect sensitivity is not strong at HF. Using HF radar data from Syowa Station for 46 months, Hosokawa et al. (2004) have recently investigated statistical characteristics of near range echoes, which were categorized as PMSEs by Ogawa et al. (2002) . Most of the echoes appeared after local noon in summer.
In this paper, we study two PMSE events, one on 8 August 1999 and the other on 27 December 2001, detected with the SuperDARN HF radars. Since these radars, originally designed for the study of ionospheric E-and F -region irregularities, have a poor altitude resolution in the mesosphere and the lower thermosphere, it is difficult to know exact PMSE altitudes. To resolve this problem in part, we compare Doppler velocity of HF PMSEs and simultaneous horizontal neutral wind velocity derived from an MF radar with an altitude resolution of 2 or 3 km. Neutral wind data on 8 August are harmonically analyzed to know how tidal wind components are related to the HF PMSE occurrences. MF radar data are also used to examine a signature of echo enhancement at the MF band that might be related to HF PMSEs.
Experimental setup
PMSEs to be discussed in this paper were observed with the SuperDARN HF radars located at Hankasalmi, Finland (62.3 • N, 26.6 • E; LT=UT+2 h) and Syowa Station, Antarctica (69.0 • S, 39.6 • E; LT=UT+3 h). Figure 1 shows the radar fields of view (FOVs). Each FOV is covered with 16 narrow beams (beam numbers 0, 1, 2, ..., 15; each beam width ∼3.3 • ) over an azimuth sector of 52 • . The beams have a maximum sensitivity at elevation angles of 15 • -35 • (depending on radar frequency), suitable for the detection of field-aligned electron density irregularities in the E-and Fregions (Greenwald et al., 1985) . Beam 5 of the Hankasalmi radar looks toward Esrange in Sweden (67.6 • N, 21.0 • E), about 650 km from the radar site, where a 52-MHz MST radar is located, and also toward Tromsø in Norway (69.6 • N, 19.2 • E), about 850 km from the radar site, where a partial reflection radar (MF radar) and an ionosonde (dynasonde) are located. The solid curves in Fig. 1 represent contour lines of perpendicularity between the radar wave vector and the geomagnetic field vector (model: IGRF1997) at some altitudes (h): no radar wave refraction during propagation is assumed in the calculations.
On 8 August 1999, the Hankasalmi radar was operated in a special mode that is it emitted sequentially four frequencies close to 9, 11, 13 and 15 MHz (Ogawa et al., 2003a) . At each frequency, the radar beam was sequentially scanned from beam 15 to beam 0 for about 35 s with a step in azimuth of 3.3 • , a range resolution of 15 km, and the first range gate of 60 km. The 2.8-MHz MF radar system at Tromsø has been described by, for example, Hall (2001) . In brief, it has a peak power of 50 kW, and can measure horizontal neutral wind and echo power, through a full correlation analysis (FCA) of data from a spaced antenna system, with a range (altitude) resolution of 3 km and a time resolution of 2 min. A pulse length of 3 km is used. Errors of wind velocities are estimated to be less than 10 m s −1 . Nozawa et al. (2002) have compared neutral winds from this MF radar with those from the 931-MHz EISCAT UHF radar also located at Tromsø.
On 27 December 2001, the Syowa radar was operated in the normal mode; that is, the beam was scanned from beam 0 to beam 15 for about 120 s with a step in azimuth of 3.3 • , a range resolution of 45 km and the first range gate of 180 km. The radar frequency was around 11 MHz. Tsutsumi et al. (2001) have described the 2.4-MHz MF radar system at Syowa and presented initial results of neutral winds in the mesosphere and the lower thermosphere over Syowa Station. The radar, with a peak power of 50 kW, can measure horizontal neutral wind and echo power through the FCA technique, with a range (altitude) resolution of 2 km and a time resolution of 2 min. A pulse length of 4 km is used.
Results

Event on 8 August 1999 at Hankasalmi
The PMSE event detected during 09:30-11:20 UT on 8 August 1999 with the Hankasalmi HF radar has been studied in detail by Ogawa et al. (2003a) . The echoes were observed at four frequencies of 9, 11, 13 and 15 The radar frequency was close to 9 MHz. The event during 09:30-11:10 UT was followed by another PMSE event between 13:00 and 14:00 UT: the latter PMSEs, which were not discussed by Ogawa et al. (2003a) , were also detected between 13:35 and 14:15 UT at 84-87 km altitudes with the Esrange MST radar. The HF echo powers in Fig. 2a are weaker in the second event than the first one. This is also true for the Esrange PMSEs. In addition, the Esrange radar observed weak, intermittent PMSEs at around 84-88 km during 00:30-04:00 UT, and rather strong PMSEs at around 85-90 km during 23:30-24:00 UT. The Hankasalmi HF radar, however, detected no echoes in these periods. The HF echoes in Figs. 2a and b are not due to fieldaligned irregularities (FAIs) generated through plasma instabilities, like the gradient-drift and/or two-stream (FarleyBuneman) instabilities, in the E-region. It is well known that radar echoes due to FAIs are most strongly returned from regions where the angle between the radar wave vector and the geomagnetic field vector are close to 90 • . The contour lines of perpendicularity are shown in Fig. 1 . As can be seen, if the HF echoes are caused by FAIs at altitudes of 90-115 km in the E-region, the minimum echo range is 450 km on beam 15 and becomes farther with decreasing beam number. No E-region echoes are expected on beams 0-3. In the observations, however, the echo ranges were 105-250 km on all the beams (Ogawa et al., 2003a ). As has been described above, the Doppler velocities and spectral widths of the HF echoes were much smaller than those expected for E-region FAIs. Moreover, the IMAGE magnetograms (http://www.geo.fmi.fi/image/) show that the geomagnetic conditions over Scandinavia were quiet during the period of 09:00-15:00 UT (K p -indices of 1+, 1 during the period). Under such conditions, it seems impossible to excite strong FAIs in the E-and D-regions at 105-250 km ranges. Thus, we believe that the HF echoes were backscattered from other targets in the upper mesosphere, i.e. they were PMSEs. Figure 3 displays time and (virtual) altitude variations of the echo power observed with the Tromsø MF radar on the same day. The echo power enhancements above 85 km before 02:00 UT and the enhanced and/or irregular power variations above 80 km after 18:00 UT are attributable to the geomagnetic disturbances (K p -indices on 8 August: 2−, 1−, 1−, 1+, 1, 1−, 3−, 4−). It is clear, however, that the MF powers are not enhanced at all altitudes during the two daytime PMSE events at Hankasalmi and Esrange, and during the nighttime PMSE events at Esrange. Also, the dynasonde at Tromsø did not detect any echo enhancements at 3.514 MHz (M. Rietveld, private communication, 2002) . These facts suggest that PMSEs did not occur or were too weak to be detected at frequencies of 2.8 and 3.5 MHz. data in summer at high-latitudes under high solar activity conditions are not reliable at altitudes above 91 km because of group retardation of the radio wave. Therefore, Fig. 4 displays only the winds below 91 km. It is discernible that the wavy structures with periods of a few hours or more propagate vertically. VHF PMSEs are believed to exist mostly between 80 and 90 km (Röttger, 1994) . Unfortunately, the range resolution (15 km) for the current HF radar observations is not enough to determine precise altitudes of PMSEs shown in Figs (Fig. 2b) . The result is displayed in Fig. 2c , where the multiple V MF at 82, 85, 88 and 91 km altitudes are plotted together with the multiple V D (notice that the velocity sign is positive for motion toward Hankasalmi). The V D curves are fairly consistent with the V MF curves at 85 and 88 km and deviate from those at other altitudes, suggesting the PMSE altitudes to be around 85-88 km. The 9 MHz echoes had elevation angles of 20 • -60 • (see above) at which the altitude resolutions for the 15-km range resolution were 5-13 km. These altitude resolutions suggests that the multiple V D do not always represent the winds at 85-88 km but may be smeared with those at about 80-90 km, if the echo region exists there. However, when the altitude thickness of the echo region is less than several km, the PMSE altitudes are estimated to be 85-88 km. Again notice that the Esrange radar detected the strong PMSEs at 83-90 km altitudes between 09:45 and 11:40 UT and the weak PMSEs 84-87 km altitudes between 13:35 and 14:15 UT. Figure 2d compares the MF radar echo powers at four altitudes (Fig. 3) and the HF radar echo powers (Fig. 2a) . No MF power enhancements are appreciable during the HF-VHF PMSE events.
To know the behavior of mean wind and tidal components with periods from 4 to 24 h, we performed a harmonic analysis of the MF neutral wind data on this day. Figure 5 displays amplitude distributions of mean and tidal components at 82, 85, 88 and 91 km altitudes. The mean meridional winds close to zero are northward at 91 km and southward at 82-85 km, and the mean zonal winds are eastward at 85-91 km and westward at 82 km. At 85-88 km, where the HF PMSEs seemingly appear, the diurnal meridional and zonal amplitudes are 6-8 m s −1 and 11-14 m s −1 , respectively, and the semidiurnal meridional and zonal amplitudes are 1-3 m s −1 and 11-13 m s −1 , respectively. These values are rather consistent with results from numerical modeling at 78.2 • N in August (Aso et al., 1999) and MF radar observations at Tromsø (69.6 • N) in summer (Nozawa et al., 2002) .
The mean winds and the 24-h, 12-h, 8-h and 6-h tidal amplitudes and phases at 82, 85 and 88 km altitudes are used to reconstruct time variations of the tidal winds with periods of 6-24 h. The results are shown in Fig. 6 . The mean +12-h components at 91 km altitude are also shown in the figure. From the timing of the PMSE occurrence at Hankasalmi and Esrange, together with the fact that the Esrange radar observed other weak PMSEs during 00:30-04:00 and 23:30-24:00 UT (see above), we speculate that the HF-VHF PMSEs tend to appear when the westward semidiurnal wind at 82-91 km altitudes attains a maximum (note that the semidiurnal wind amplitude is larger at 85-88 km where the HF PMSEs might appear). The northward semidiurnal wind is very small at 85-91 km (less than 5 m s −1 ; see Fig. 5 ). Other northward and eastward tidal components (6h, 8h, and 24h) and their combinations (24 h+12 h and 24 h+12 h+8 h+6 h) cannot well explain the PMSE occurrence feature. The reconstructed eastward 24 h+12 h+8 h+6 h wind in Fig. 6 seems to well represent the observed eastward winds at 82-88 km in Fig. 4 . Close inspection of the lower panel in Fig. 4 indicates that each HF PMSE event starts to appear when the winds at 82-88 km turn to westward and disappears when they attain the westward maximum, and that the winds tend to be eastward between two PMSE events. We speculate that the eastward winds, which might cause the suppression of PMSEs, are due to the localized, short-period (≤ 6 h) wave activity. 
Event on 27 December 2001 at Syowa
The Syowa East HF radar detected PMSEs at ranges of 180-315 km on all the beams during 08:40-13:30 UT on 27 December 2001. The geomagnetic disturbances at Syowa during the period were quiet. Considering this fact, the contour lines of perpendicularity between the radar wave and geomagnetic field vectors (Fig. 1 ) and the discussions in Sect. 3.1, we believe that the HF echoes did not originate from E-region FAIs but from the upper mesosphere (PMSEs). The upper panel in Fig. 7 displays time and range variations of the echo power on beams 0, 7 and 12. The radar frequency was close to 11 MHz. The PMSEs are characterized by highly temporal and spatial variations of the echo power, Doppler velocity and spectral width, as has been found by Ogawa et al. (2003a,b) . The lower panel in Fig. 7 shows a contour map, in altitude and time coordinates, of the echo power observed with the 2.4-MHz Syowa MF radar. The echoes above 85 km are mainly due to the E-region electron density enhanced by solar illumination. The weaker echoes at around 55-70 km continued all day, indicating that those were not associated with the HF PMSE occurrence.
Figure 8 plots time and altitude variations of the MF echo power between 70 and 100 km. The echo enhancements, with higher intensity with increasing altitude, due to solar illumination, can be seen above 80 km. Although the geomagnetic conditions were relatively quiet (K p -indices of 1-2 between 04:00 and 18:00 UT), the echo powers were simultaneously enhanced at altitudes above 82 km around 10:00, 12:00 and 13:30 UT, due to high-energy particle precipitation. The echo powers between 70 and 80 km are extremely low. This fact and the particle precipitation were caused by the solar proton event associated with a large solar flare that happened at 05:40 UT on 26 December. In any event, we cannot determine a signature of the MF echo power enhancement associated with the HF PMSE occurrence. It is noted that the altitude variations of the intensity in Figs. 7 and 8 do not always represent real variations but somewhat smoothed ones because the radar pulse length used is relatively long (4 km). Figure 9 gives time and altitude variations of the northward and eastward (V E−W ) wind velocities observed with the MF radar. Unfortunately, because of a partial lack of the data due to the solar proton event, it was impossible to derive the tidal wind components.
The HF and MF radar results are compared in Fig. 10 . Figures 10a and b give time variations of the echo power and Doppler velocity (V D ), respectively, observed at the 180-225 km range gate on beam 10 that looks toward the east. Some sporadic echo power enhancements in Fig. 10a (and corresponding velocities in Fig. 10b ) may not be related to PMSEs but meteors or radio interference. Figure 10c plots eastward winds (V W −E ) at four altitudes (86, 88, 90 and 92 km) and V D (Fig. 10b) . In the figure, the sign of the ordinate is westward positive. The multiple V D are rather consistent with the multiple V W −E at 88 and 90 km, although the coincidence is not so excellent as that seen in Fig. 2c . Such a consistency is not found for the multiple V W −E at 86 and 92 km altitudes. An assumption that elevation angles of the echoes are around 30 • , around which the radar beam has a maximum gain, means that the altitude resolution for the 45-km range resolution is 23 km. This coarse altitude resolution indicates that the multiple V D do not always represent the winds at 88-90 km, but may be affected by those at other altitudes, if the echo scatterers exist there. However, if the altitude thickness of the echo region is less than several km, the PMSE altitudes are estimated to be 88-90 km. Consulting with Fig. 9 , we know that the PMSE occurrence can be related to the northward (equatorward) and/or westward neutral winds below 90 km altitude. Figure 10d compares the MF radar echo powers at four altitudes and the HF radar echo power (Fig. 10a) . Again, noting that the MF powers during 09:00-14:00 UT increase due to the solar illumination and particle precipitation, we cannot recognize any correlation between the MF power enhancement and PMSEs.
Discussion
The results are summarized as follows: 1) Doppler velocities observed with HF radar are similar to neutral winds, derived from MF radar, at 85-88 km and 88-90 km for the cases of 8 August 1999 (Hankasalmi) and 27 December 2001 (Syowa), respectively, 2) when PMSEs are observed with HF radar (and also with MST radar for the 8 August case), no appreciable echo enhancements at the MF band are detected, and 3) PMSE occurrences on 8 August show a semidiurnal variation; that is, PMSEs appear when westward semidiurnal wind, whose amplitude is large at 85-88 km, attains a maximum.
The altitude resolutions of the current HF radars are poor (≥ 5 km). Regarding item 1, if an altitude thickness of HF echo region is thin (several km), the estimated altitudes can be regarded as PMSE altitudes. However, if the echo region exists at 80-90 km altitudes, the Doppler velocities are affected by the neutral winds at these altitudes, meaning that it is impossible to know the PMSE altitudes only from a comparison of Doppler velocity and neutral wind at each altitude. Notice that the MF radar can determine wind altitudes with an accuracy of several km (depending on a pulse length of MF radar), and that "group retardation", which locates virtual altitudes of MF wave reflections at somewhat (1-2 km) higher altitudes, becomes effective above 90 km (e.g. Hall, 2001) . Anyway, we speculate from Figs. 2c, 6 and 10c and the interferometer measurements (Ogawa et al., 2003a ) that the HF PMSE altitudes are within 80-90 km. These altitudes are consistent with the altitudes (83-90 km) observed with the Esrange MST radar. They are also consistent with previous vertical incidence HF radar observations of PMSEs (Karashtin et al., 1997; Kelley et al., 2002) .
The horizontal distances between the HF PMSE area and the MF radar site were 600-750 km and 180-315 km for the Hankasalmi and Syowa cases, respectively. So, if the neutral wind system is not uniform over these distances, the HF PMSE altitudes estimated above do not always give true values. In the future, simultaneous PMSE observations within a common volume using oblique incidence HF radar, vertical incidence HF and MF radars, and vertical incidence VHF MST radar are required. Such observations within a common volume are helpful in understanding the differences in PMSE altitudes obtained from three radars, radio wave scattering mechanisms peculiar to each radar, wave number spectrum of irregularities, and wave number dependence of aspect sensitivity of the irregularities. Röttger (1994) reported simultaneous PMSE observations with the 224-MHz EISCAT radar at Tromsø and a 2.7-MHz MF radar at Murmansk, about 800 km east of Tromsø. Then, Bremer et al. (1996) have associated characteristics of the signal-to-noise ratio from the Tromsø MF radar with PMSEs from the collocated EISCAT VHF radar, to show a strong hint that PMSEs also occurred at the MF band. Murphy and Vincent (2000) have studied enhanced echo amplitudes detected in summer with a 1.94-MHz MF radar at Davis (68.6 • S), Antarctica, to discuss the potential use of the echo enhancement as a measure of PMSE. Liu et al. (2002) have discussed the relationship between PMSEs from the EIS-CAT VHF radar and echoes at the MF band from the collocated dynasonde. Our case studies (item 2), however, show that when PMSEs appeared at the HF-VHF bands, those were not detected with the MF radar. Hoppe et al. (1990) also reported no obvious relation between Tromsø MF radar echoes and PMSEs simultaneously detected with the EIS-CAT VHF radar and an MST radar located at 130 km southwest of Tromsø. Analyzing statistically mesospheric echoes on dynasonde ionograms from Halley, Antarctica (75.5 • S) and Tromsø, Jones and Davis (1998) have found that echo characteristics were different from those of PMSEs and that there was no statistical evidence to suggest that echoes in summer were different from those in other seasons.
Regarding item 3, many papers (Palmer et al., 1996; Hoffmann et al., 1999 and references therein) have noticed a semidiurnal behavior of VHF-PMSE occurrences. This behavior is also true for four PMSE events detected in the austral summer of 1997/1998 with the Syowa HF radars (Ogawa et al., 2003b) . Using HF radar data from Syowa Station under quiet geomagnetic conditions during 46 months from March 1997 until December 2000, Hosokawa et al. (2004) have investigated seasonal and yearly variations of near range echoes, which were recognized as PMSEs by Ogawa et al. (2002) . They identified 24 events: 2 of them were detected in winter (their origins are unclear) and 22 in summer. The echoes were mainly observed after local noon and their occurrences exhibited a semidiurnal behavior. Kirkwood et al. (1995) noted that PMSE occurrence was correlated to westward neutral wind at 85 km reconstructed from mean, diurnal and semidiurnal components, and that when the occurrence had a minimum between 16:00 and 21:00 UT, the reconstructed wind showed strong minimum. Similar results have been presented by Bremer et al. (1996) . Williams et al. (1995) concluded that tidal modes (in particular, semidiurnal mode) play a crucial role in the generation of PMSEs, showing a semidiurnal variation with minima at 07:00 and 19:00 UT, observed with the EISCAT VHF radar. Kirkwood et al. (1995) , Williams et al. (1995) and Bremer et al. (1996) used one-or two-month average neutral wind data obtained with the Tromsø MF radar. Our result, derived from the simultaneous MF (neutral winds) and HF-VHF radar observations on 8 August, indicates that the PMSE occurrences can be mainly associated with a westward semidiurnal mode and that they are coincident when this component attains to a maximum: actually, even if the semidiurnal wind is westward, PMSEs may disappear when a localized eastward wind, due to short-period gravity waves is strong. It is believed that PMSEs occur when the mesopause temperatures are below, say, 150 K (Balsley and Huaman, 1997; Singer et al., 2003) . Such low temperatures are favorable to form water cluster ions, charged aerosols and ice particles that may cause strong backscatter resulting in PMSEs. Numerical modeling (Forbes, 1982; Aso, 1999) and observations (Singer et al., 2003) indicate that atmospheric tides also accompany temperature variations of about a few K near the mesopause.
Arctic and Antarctic PMSEs observed with the oblique incidence SuperDARN HF radars have been studied with the help of simultaneous data from MF and VHF-MST radars. From a comparison of Doppler velocity observed by HF radar and horizontal neutral wind velocity derived from MF radar, HF PMSE altitude range is estimated to be within 80-90 km. This altitude range is consistent with that from previous PMSE observations by HF-VHF radars equipped with vertical (and nearly vertical) beams.
When the HF PMSEs were observed, no echo enhancements were detected with the 2.8-MHz (Tromsø) and 2.4-MHz (Syowa) MF radars. Occurrences of PMSEs at MF band are still controversial. We need more sophisticated MF radar observations to know whether or not there exist MF PMSEs. Moreover, simultaneous PMSE observations within a common volume with VHF, HF and MF radars are required to understand the conditions of the MF PMSE occurrence. Such studies are important to understand how neutral air turbulence invoking HF-VHF PMSEs affects scattering or reflection of MF waves.
The 8 August event suggests that the HF and VHF PMSE occurrences exhibit a semidiurnal behavior. When they appeared, semidiurnal neutral wind derived from the Tromsø MF radar was westward. At present, we do not know whether the low mesopause temperature necessary for the PMSE formation stems only from westward semidiurnal wind or whether is caused by other tidal modes and/or short-period gravity waves. More modeling work, and simultaneous PMSE and wind observations are required to resolve this issue.
